Here, we have developed a novel method for forming hydrogel arrays using surfaces patterned with differential wettability. Our method for benchtop array formation is suitable for enhanced-throughput, combinatorial screening of biochemical and biophysical cues from chemically defined cell culture substrates. We demonstrated the ability to generate these arrays without the need for liquid handling systems and screened the combinatorial effects of substrate stiffness and immobilized cell adhesion peptide concentration on human mesenchymal stem cell (hMSC) behavior during short-term 2-dimensional cell culture. Regardless of substrate stiffness, hMSC initial cell attachment, spreading, and proliferation were linearly correlated with immobilized CRGDS peptide concentration. Increasing substrate stiffness also resulted in increased hMSC initial cell attachment, spreading, and proliferation; proliferation seen on substrates with either high stiffness or high CRGDS peptide concentration suggests that some baseline level of cytoskeletal tension was required for hMSC proliferation on hydrogel substrates and that multiple substrate signals could be engineered to work in synergy to promote mechanosensing and regulate cell behavior.
Introduction
It is widely accepted that soluble signals (such as growth factors and cytokines) are major regulatory players in both the in vivo and in vitro stem cell microenvironments; however, stem cell behavior can also be influenced by a variety of insoluble signals, including biomolecules immobilized in the extracellular matrix as well as biophysical properties of microenvironment [1] [2] [3] . Recent studies indicate that regulation of stem cell behavior involves complex relationships between soluble factors, immobilized cell adhesive signals, and mechanical signals contained in, and dynamically regulated by, the stem cell microenvironment. Chemically well-defined cell culture substrates can allow researchers to parse out the effects of specific signals on stem cell behavior [4] . However, attempts to investigate synergistic or antagonistic effects of combinations of signals produce thousands of potential signal combinations, leading to difficult and costly experiments [2, 5] . Here, we designed hydrogel arrays for enhanced-throughput, combinatorial screening of biochemical and biophysical cues from chemically defined cell culture substrates. Current hydrogel platforms for screening the influence of stiffness on cell behavior rely on low-throughput techniques using bulk hydrogels, plated hydrogel arrays in cell culture dishes or wells, or arrays formed using expensive liquid handling systems. These methods have limitations, including high materials and equipment cost and the potential for deformation via "buckling" when hydrogels swell against the constrained dimensions of the well [2, [6] [7] [8] [9] . Here, we demonstrated the ability to generate arrays for enhanced-throughput screening without the need for liquid handling systems and our arrays comprise free-standing hydrogel spots, which reduces the likelihood of hydrogel deformation via buckling. Using these arrays, we screened the combinatorial effects of substrate stiffness and immobilized cell adhesion peptide concentration on human mesenchymal stem cell (hMSC) behavior during short-term cell culture. hMSC adhesion was chosen as a model biological outcome to demonstrate the utility of hydrogel arrays, as recent studies have extensively detailed the influence of substrate properties on hMSC behavior [10] [11] [12] [5, [13] [14] [15] [16] [17] .
Over the past two decades, many researchers have demonstrated a positive correlation between the substrate stiffness and the intracellular cytoskeletal tension, indicating that cells sense and respond to changes in matrix stiffness by modulating cytoskeletal assembly and contractility (a concept referred to as "mechanosensing") [11, 12] . We and others have also demonstrated control of hMSC behavior by regulating mechanosensing: hMSCs cultured on surfaces that promoted high cytoskeletal tension (via high substrate stiffness, cell adhesion molecule affinity, or cell adhesion molecule density) resulted in well-spread cells that possessed highly-organized f-actin stress fibers and large and well-defined focal adhesions, while substrates that promoted low cytoskeletal tension resulted in rounded cells with diffused actin and small, unstable focal adhesions. [5, 11, 13, 18] .
Materials and methods

Differential wettability pattering and glass silanization
Gold-coated glass slides (TA134, EMF Corporation) were cleaned via sonication in ethanol for 1 minute and dried with air. Hydrophobic SAM formation on gold-coated glass slides were prepared by immersion in a 1 mM solutions of HS-(CH 2 ) 11 -O-(CH 2 ) 2 -(CF 2 ) 5 -CF 3 (fluorinated alkanethiols, ProChimia Surfaces) in ethanol for ≥2 hours. Polydimethylsiloxane (PDMS) elastomeric stencils for determining the pattern for selective etching of hydrophilic SAM regions were fabricated using soft lithography as previously described [18] using a 1:10 ratio of curing agent to base. Gold-coated glass slides with the hydrophobic SAM were cleaned with ethanol, dried with air, and covered with the PDMS elastomeric stencil. Exposed regions of the hydrophobic SAM (regions not covered by the PDMS elastomeric stencil) were etched by oxygen plasma treatment at 40 sccm and 50 W for 1 minute.
The PDMS elastomeric stencil was removed and the selectively etched gold-coated slides were cleaned with ethanol and immersed in a 0.1 mM solution of HS-C 11 -(O-CH 2 -CH 2 ) 3 -OH (PEG-terminated alkanethiols, ProChimia Surfaces) in ethanol solution for ≥2 hours so that hydrophilic alkanethiol SAM layer could form in the etched regions. Hydrophobic and hydrophilic SAM formation on the goldcoated slides were confirmed by static contact angles measurements at room temperature using a 5 contact angle goniometer (DataPhysics Contact Angle System, OCA). A drop of distilled water (3 μL) was placed on the surface and the static contact angle was measured for 3 different samples at 5 different places on each sample and the contact angles were averaged.
Silanized glass coverslips were prepared via liquid-phase silanization. Silanization was performed with slight modifications from procedures previously described [19, 20] . Glass coverslips were cleaned via sonication in acetone for 30 minutes, rinse with ethanol, and dried with air. Clean glass coverslips were activated by oxygen plasma treatment at 40 sccm and 50 W for 5 minutes to increase the number of activated hydroxyl groups on the surface. Immediately after activation, glass coverslips were immersed in a solution of 2.5 v./v.% 3-mercaptopropyl trimethoxysilane (3-MPTS, Sigma Aldrich) in toluene for 2 hours, thoroughly rinsed with ethanol, dried with air, cured under nitrogen atmosphere at 100 °C for 1 hour, and treated with 10 mM DTT in PBS for 30 minutes at 37°C to increase free thiols available for thiolene reaction with PEG-NB.
Hydrogel array formation
Norbornene-functionalized PEG (PEG-NB, 20 kDa molecular weight, 8-arm with tripentaerythritol core, JenKem Technology) was synthesized and characterized as previously described [21] [22] [23] . Dimethylaminopyridine (DMAP), pyridine, dichloromethane (DCM), 5-Norbornene-2-carboxylic acid, N,N′-dicyclohexylcarbodiimide (DCC), diethyl ether, hexane, SNAKESKIN dialysis tubing (MWCO 3.5K), deuterated chloroform (CDCl 3 ), and tetramethylsilane (TMS) were purchased from Sigma Aldrich.
Briefly, eight-arm PEG-OH, DMAP and pyridine (Sigma Aldrich) were dissolved in anhydrous DCM in one reaction vessel and DCC and 5-norbornene-2-carboxylic acid were dissolved in another.
The PEG and norbornene solutions were combined and stirred overnight to covalently couple the 5-norbornene-2-carboxylic acid to the PEG-OH. The PEG-NB product was filtered through a medium fritted Buchner funnel to remove urea salts formed during the reaction. The filtrate was then precipitated in 900 mL cold diethyl ether and 100 mL hexane. The solids were collected on qualitative 6 grade filter paper and air dried overnight. The PEG-NB product was purified by dialysis against 4L of dH2O at 4°C for 72 hours (with water change every 8 hours) to remove residual norbornene acid, filtered through a 0.45 µm nylon filter to remove particulates and impurities, and subsequently freeze dried.
Norbornene functionalization of >90% was confirmed with 1H nuclear magnetic resonance spectroscopy. Samples were prepared at 6 mg/mL in CDCl 3 with TMS internal standard. Free induction decay (FID) spectra were obtained using spectroscopy services provided by the National Hydrogel precursor solutions were prepared by combining PEG-NB (4-8 wt/wt %), PEG-DT (0.5-1 mole ratio of thiol-to-norbornene), peptides (1-4 mM), and 0.5 wt/wt% Irgacure 2959 photoinitiator (CIBA/BASF) and diluted to desired concentrations with phosphate buffered saline (PBS, pH 7.4) immediately prior to hydrogel array formation. For cell encapsulation studies, cells were suspended at the desired concentration in growth medium and added to the remaining hydrogel precursor solution components in place of the PBS that was used for dilution. All encapsulation studies utilized the MMP-degradable crosslinker in place of the non-degradable PEG-DT crosslinker. Hydrogel precursor solutions were spotted onto the hydrophilic regions of the patterned gold-coated slides using a micropipette, the DTT-treated silanized glass coverslip was used to sandwich the hydrogel precursor solutions between the coverslip and the patterned gold-coated slide. Hydrogel precursor solutions were crosslinked by UV-initiated photopolymerization with 365 nm wavelength light for 2 seconds at 90 mW/cm7 from the coverslip, which enabled the glass-immobilized hydrogel spots to cleanly detach from the gold-coated slide. The resulting glass-immobilized hydrogel spots, collectively referred to as the "hydrogel array", were allowed to swell to equilibrium overnight at room temperature in PBS, sterilized by immersion in 70% ethanol for ≥ 1 hour, thoroughly washed with PBS to remove any remaining unreacted components, and immersed in cell growth medium at 37 °C until use.
Hydrogel array characterization
Hydrogel mass equilibrium swelling ratios [21, 23] , shear storage moduli [21] , and mesh size calculations (calculated using empirical equilibrium swelling data and Flory-Rehner theory) were determined as previously reported [21, [24] [25] [26] . To characterize surface roughness, hydrogels were allowed to swell to equilibrium in PBS overnight at room temperature then imaged on a BioScope Catalyst BioAFM (Bruker) with a Zeiss optical microscope. Tapping atomic force microscopy (AFM) was performed in ScanAsyst mode in water using ScanAsyst Fluid+ tips (Bruker). At least 3 images of 2.5 µm by 2.5 µm or larger in area were scanned at different locations on the hydrogels and these images were used to calculate height data. The root mean square (RMS) roughness was calculated using Nanoscope Analysis software (Bruker) for 3 images per sample and averaged.
To demonstrate controllable microsphere encapsulation and peptide immobilization, we formed hydrogel arrays with varying concentrations of 2 µm fluorescent red carboxylate-modified polystyrene latex beads (Sigma Aldrich) and CRGDS peptides in the hydrogel precursor solution. Immediately following hydrogel array formation, the N-terminal amine on CRGDS peptides were labeled using Alexa-Fluor 488 5-sulfodichlorophenol (SDP) ester (Invitrogen) as previously described [21] . Briefly, hydrogel arrays were immersed overnight in a solution of SDP ester in PBS (pH 7.4) with at 2-fold molar excess of SDP ester to CRGDS, rinsed with PBS, soaked in PBS for 6 hours with PBS change every 2 hours to remove unreacted SDP ester. Fluorescently-labeled arrays were imaged using a Nikon Eclipse Ti microscope (Nikon) and relative fluorescence intensities of each hydrogel spot in the array were obtained using the threshold feature in NIS Elements software (Nikon). 8
Cell culture
Bone marrow-derived hMSCs (Lonza) were expanded in 10% fetal bovine serum (FBS, Invitrogen) in minimum essential medium, alpha (αMEM, MediaTech) supplemented with 1% penicillin/streptomycin (Invitrogen) on tissue culture polystyrene plates at 37 °C in a 5% CO 2 atmosphere until 70% confluence. Passage 7 hMSC were harvested using trypsin (Invitrogen), resuspended in 10% FBS in αMEM, and seeded at 2000 cells/cm 2 on sterilized hydrogel arrays. After 24 hours, unattached cells were removed by gently replacing the culture media. Cells on hydrogel arrays were maintained at 37 °C in a 5% CO 2 atmosphere and culture media was replaced every 3 days.
Data acquisition and analysis
Samples were placed in a heated environmental chamber and imaged on the Nikon Eclipse Ti microscope (Nikon) at the desired times. Immunofluorescence staining for vinculin and F-actin were conducted using the FAK100 focal adhesion staining kit (Millipore) per the manufacturer's instructions Cell number was manually determined using NIS Elements software (Nikon), cell area of single cells were determined using NIS Elements's threshold and automated measurement features, and cell proliferation was quantified as previously reported by normalizing cell number at day 4 (C 4 ) to cell number at day 1 (C 1 ), where normalized cell number greater than 1 was used to indicate proliferation [18] . Focal adhesion length was determined using NIS Element's threshold and automated measurement features to define regions on the periphery of single cells stained with mouse antivinculin monoclonal antibody. Focal adhesion density was determined by normalizing the number features stained with mouse anti-vinculin monoclonal antibody to the cell area. Encapsulated cell 9 concentration was determined by counting cells at 3 focal planes 50 μm apart in distance. Cell viability was determined by comparing the total number of calcein positive to total DAPI positive cells.
Statistical analysis was performed using Student's t-test (2-tailed, α=0.05) or ANOVA with post-hoc Tukey (HSD or Kramer depending on sample size variability) tests as indicated. All error bars denote standard deviation. All Pearson's product-moment correlation coefficients (R 2 ) were calculated using Excel's Analysis ToolPak.
Results and discussion
Differential wettability patterning and hydrogel array formation
Since cell structural measures (e.g. cell area and morphology) and perturbations (e.g.
proliferation and cytoskeletal organization) have been demonstrated to be accurate qualitative measures of hMSC mechanosensing in response to substrate stiffness and ligand density, we examined these properties here using automated data collection techniques that augmented the enhanced-throughput capability of our array-based screening system [11, 12, 15, 24] . Hydrogel arrays were formed using gold-coated glass slides patterned with alkanethiolate self-assembled monolayers (SAMs), and differential wettability was used to define the geometry and confine the contents of each spot in the array ( Figure 1 ). Gold-coated glass slides with a fully formed hydrophobic SAM composed of fluorinated alkanethiolates were covered with elastomeric stencils and etched using oxygen plasma to selectively destroy exposed regions of the hydrophobic SAM [27] . The gold-coated slides were containing norbornene-functionalized PEG (PEG-NB) and PEG-dithiol (PEG-DT) were deposited onto the hydrophilic regions on the patterned gold-coated slide using either a single-channel micropipettor, multichannel micropipettor, or a single-channel repeat pipettor. The wettability patterning was designed with dimensions compatible with an 8-channel micropipette, allowing for deposition of multiple solutions simultaneously. A 150 µm PDMS spacer was places on regions of the patterned gold slide and a silanized glass slide was placed atop the entire patterned gold slide to sandwich the precursor solution (Figure 1c,d and A1a). UV-initiated crosslinking was used to form hydrogel spots via radically-mediated thiol-norbornene (term "thiolene") photopolymerization, a step-growth reaction mechanism that enabled rapid gelation time and resulted in homogeneous polymer network formation (Figure 1e and Figure 3a ) [22, 23] . The silanes on the silanized glass slide possessed terminal thiols that were capable of participating in thiolene reaction with the norbornene groups on PEG-NB, thereby enabling covalent immobilization of the hydrogels to the glass slide upon polymerization. The result was an array of hydrogel spots upon a glass slide (Figure 1f ). The dimensions of the hydrogel spots could be altered by changing the pattern on the elastomeric stencil used for SAM patterning (to define the X and Y dimensions) and by using a polydimethylsiloxane (PDMS) elastomeric spacer between the patterned SAM and the silanized glass slides (to define the Z dimension of the resulting hydrogel spot) (Figure 1g,h) . Note that the silanized glass slides promote non-specific cell adhesion which could contribute to the soluble factors presented in the microenvironment and influence cell behavior during long-term cell culture. We are currently developing a passivation procedure to address this in our design process.
The lack of a liquid handling system does limit the throughput on this array formation method because of the time required for deposition of hydrogel precursor solution for each spot in the array.
We use small volumes (0.75 µL) to generate each hydrogel spot to reduce the materials cost; however, due to the small volumes, evaporation concerns limited array sizes to what can be feasibly produced within a 5-minute timeframe. Within a 5-minute timeframe, we can feasibly generate an array for 2D culture comprised 80 spots formed using up to 16 different hydrogel precursor solutions. For 3D encapsulation studies, arrays sizes are limited by evaporation, cell viability in suspension, and cell 11 settling once the hydrogel precursor solution has been deposited onto the patterned gold slide. Arrays formed for 3D encapsulation experiments in this manuscript were formed within 2 minutes and contained 20 spots formed using up to 5 different hydrogel precursor solutions.
Previous studies have indicated that natural and synthetic compliant surfaces with topographical features typically ≥ 100 nm in height can be used to modulate integrin-mediated stem cell attachment, cytoskeletal structure, proliferation, migration, and differentiation [28] [29] [30] [31] . As the hydrogel array formation procedure required glass-immobilized hydrogel detachment from the patterned gold-coated slide, it was plausible that this detachment could have contributed to the formation of nano-or micronsized features on our hydrogel surface. Therefore, we used hydrated atomic force microscopy (AFM) to examine the resulting hydrogel surface roughness and root mean square (RMS) roughness of all hydrogels formed. Regardless of concentration of PEG-NB or PEG-DT crosslinker in the precursor solution, the surface roughnesses were similar in value and did not seem to correlate with changing PEG-NB or PEG-DT concentration ( Figure 2 ). This indicates that the detachment procedure and changes in hydrogel composition minimally influence surface nanotopography. Additionally, height of features found on our hydrogel surfaces (6.6-15.1 nm) are lower than the feature sizes commonly used in prior studies of surface topography effects, which suggests minimal contribution of surface topography to observed differences in hMSC behavior (Figure 2b ).
Changing composition of each hydrogel spot
The composition of each hydrogel spot in the arrays could be also systematically and independently altered (Figure 3 ). Thiolene photopolymerization offered the advantage of facile ligand incorporation into the polymer network as long as the ligand contained a thiol capable of participating in thiolene reaction with PEG-NB (Figure 3a) . We utilized cysteine-terminated CRGDS peptide and, by changing the molar ratio of peptide to norbornene functional groups, we could systematically and independently change the concentration of the peptides immobilized in each hydrogel spot in the array (Figure 3b,c) . The resulting relative CRGDS concentrations in the hydrogel spots were directly correlated to the concentration of CRGDS in the hydrogel precursor solution (R 2 =0.9845).
The array formation procedure also allowed for encapsulation of micron-sized materials and cells ( Figure 3b and Figure 5 ). By adding the material or cells into the precursor solution, those components could be encapsulated within and uniformly distributed throughout the hydrogel spots upon photopolymerization ( Figure A2 ). As the mesh size of typical hydrogel networks generated were 6-12 nm (Figure 4a ), micron-sized components were not able to freely diffuse through and out of the We also demonstrated that the array formation procedure enabled hMSC encapsulation with cell viability consistent with those previous published for encapsulation in PEG hydrogels (70-90% viable cells at 24 hours after encapsulation, Figure 5d -e) [8, 32, 33] . Additionally, increasing concentration of CRGDS (which has been used to promote hMSC adhesion to hydrogel surfaces through interactions 13 with α v β 3 and α 5 β 1 integrins on the cell surface) did not significantly affect hMSC viability (Figure 5e ) [33] [34] [35] .
The hydrogel spot stiffness (as measured by shear storage modulus) was controllably altered by varying either the concentration of PEG-NB or PEG-DT crosslinker in the precursor solution. These results were consistent with those previously reported [36] . Hydrogel shear modulus was directly correlated to both PEG-NB monomer concentration and PEG-DT crosslinker density (with 50%-100% density corresponding to 0.5-1 mole ratio of thiol-to-norbornene) in the precursor solution, and these results were confirmed by determining equilibrium mass swelling ratio (Figure 3e and Figure 4b ).
hMSC adhesion and proliferation on hydrogel array
For hMSC adhesion studies, we generated arrays containing hydrogel spots with stiffness values ranging from 1.8 to 10.9 kPa and varying immobilized CRGDS peptide concentrations from 0 to 4 mM. The arrays generated comprised several isolated hydrogel spots where each hydrogel spot possessed a unique CRGDS concentration and stiffness value. As the PEG hydrogel is bio-inert and does not permit cell adhesion, the inclusion of RGD-containing peptides was designed to promote hMSC integrin-mediated cell adhesion and enable integrin-mediated mechanosensing [14, 21, 22, 37, 38] . Note that total peptide concentration was maintained at 4 mM by supplementing the hydrogel precursor solution with a "scrambled", non-bioactive CRDGS peptide (whereby "0 mM CRGDS" hydrogels contain 4 mM CRDGS scrambled peptide). The stiffness range was chosen to reflect the reported stiffness values of various soft tissues, including fat and muscle tissue [39, 40] . Following hydrogel array formation, hMSCs were seeded onto the hydrogel spots and cultured for up to 8 days CRGDS. These results are consistent with previously reported relationships [12, 13, 18, 24, 41] , and confirmed that hydrogel arrays can be used to screen for the effects of peptide density and identity on hMSC behavior.
Increasing hydrogel spot stiffness (from 1.8 to 10.9 kPa) also resulted in increased hMSC initial cell attachment, spreading, and proliferation; however, maximal values for these cell behaviors were achieved on hydrogel spots with the highest CRGDS concentration and intermediate stiffness values kPa stiffness while maximal cell spreading and proliferation were both seen on hydrogel spots of 5.4 kPa stiffness. As previous studies have reported that hMSC integrin-mediated mechanosensing is directly correlated to cytoskeletal tension, we examined focal adhesion formation and cytoskeletal structure to assess the influence of hydrogel spot stiffness on cytoskeletal tension [10, 12, 13, 15, 16, 18, 38] . Immunofluorescence staining for vinculin (a component of focal adhesions) and F-actin (an important component of stress fibers in adherent cultured cells) qualitatively revealed diffuse F-actin and focal adhesion in hMSCs seeded on softer hydrogels spots (3.3 kPa or less), while those seeded on stiffer hydrogels spots (5.4 kPa or greater) expressed well-defined stress fibers terminated by prominent focal adhesions (Figure 7a ). hMSCs expression of F-actin stress fibers terminated by prominent focal adhesions has been previously directly correlated to both substrate stiffness and cytoskeletal tension [10, 15, 16, 18] . Independent of CRGDS concentration and substrate stiffness, hMSCs cultured on all substrates used in this study present mature focal adhesions (≥5 µm in length, Figure 7 ) [31] .
Independent of substrate stiffness, hMSC focal adhesion density appeared to be linearly correlated to CRGDS concentration (R 2 = 0.8852, Figure 7b ). Additionally, independent of CRGDS concentration, focal adhesion length appeared to be correlated with substrate stiffness (Figure 7c ). These trends are consistent with those previously reported and further support that hydrogel spot stiffness can be used to 15 modulate hMSC cytoskeletal tension [42, 43] . Combined, these results suggested that hydrogel arrays produced here may be used to screen for the effects of substrate stiffness on hMSC mechanosensing.
Interestingly, examination of the combinatorial effects of CRGDS concentration and hydrogel spot stiffness revealed potential interplay between these distinct substrate signals. The synergy between adhesion and stiffness is most clearly demonstrated with hMSC proliferation (Figure 6d ). At 4 mM CRGDS, hMSCs proliferate regardless of hydrogel spot stiffness; however, hydrogel spots presenting 1 and 2 mM CRGDS required stiffness values greater than 1.8 and 3.3 kPa, respectively. These results are consistent with previously reported trends suggesting that low cytoskeletal tension in response to low cell adhesion ligand density could be compensated by high cytoskeletal tension produced from high substrate stiffness [12, 13] . Additionally, these trends suggest some baseline level of cytoskeletal tension was required for hMSC proliferation on hydrogel substrates and that multiple substrate signals could be engineered to work in synergy to promote mechanosensing and regulate cell behavior [5, 13] .
It is worthwhile to note that, as we modified both PEG-NB concentration and crosslinking density to control stiffness, it is unclear the extent to which stiffness influences surface polymer chain mobility and subsequently the ability for the cells to access the cell adhesive ligands. Increasing stiffness could potentially decrease polymer chain mobility, reduce the effective CRGDS density accessible to the cells, and actively limit integrin clustering which subsequently impacts hMSC cytoskeletal reorganization and mechanosensing. Previous studies indicated that integrin clustering regulates cell adhesion, spreading, and proliferation and are dependent on both concentration and spatial distribution of cell adhesive ligands [31, 44] . Increasing PEG-NB concentration and crosslinking density could reduce polymer chain mobility to decrease the number of favorable conformations of the CRGDS ligand during integrin clustering, thereby limiting the cluster size and distribution on the cell surface.
Additionally, increasing crosslinking density could decrease potential sites for CRGDS covalently attachment and subsequently reduce effective CRGDS density [31] . Previous studies have also suggested that integrin clustering and mechanosensing is dependent on the flexibility of the anchor 16 points to which cells adhere to the surface [31, 38, 44] . By increasing crosslinking density to increase substrate stiffness, we could have potentially decreased anchor point flexibility and limited hMSC integrin clustering, leading to increase hMSC spreading on stiffer substrates.
hMSC adhesion on hydrogels presenting peptides with varying ligand-receptor affinity
We cultured hMSCs on hydrogels spots presenting 0-4 mM of the linear CRGDS or the cyclic (RGDfC) peptide to determine the influence of ligand-receptor affinity on cell behavior (Figure 8 ).
Previous studies have indicated that the cyclic peptide possesses higher affinity for α v β 3 integrins than the linear peptide [34, 35] . Note that total peptide concentration was maintained at 4 mM by supplementing the hydrogel precursor solutions with the non-bioactive CRDGS peptide. Following hydrogel array formation, hMSCs were seeded onto the hydrogel spots and cultured for up to 3 days RGD-containing peptides [13] and suggest that hydrogels with varying immobilized peptides identity could be used to screen for the effects of changing ligand-receptor affinity on hMSC mechanosensing.
It is worthwhile to note that previous studies have suggested that more low-affinity ligands must be presented to the cells in order to achieve the same integrin clustering, stable attachments, and cell spreading when compared to higher affinity ligands [31] . Consistent with these suggestions, low concentrations of cyclic (RGDfC) promoted similar or higher levels of hMSC initial attachment and spreading than high concentrations of CRGDS (Figure 8b,c) .
Conclusion
In conclusion, we have developed a method for forming hydrogel arrays using surfaces patterned with differential wettability. The proof-of-concept study presented here confirmed that our hydrogel array formation procedure is capable of producing hydrogel spots with properties that can be systematically and independently varied and that these arrays can be used for stem cell culture and screening for the effects of various chemical and mechanical substrate properties on stem cell behavior.
While we and others have previously developed other hydrogel array systems for stem cell culture and screening [2, 6, 7, 21, 37, 45] , our current array system offers the unique advantage of benchtop array formation for both 2-and 3-dimensional cell cultures and enhanced-throughput screening without the need for liquid handling systems [7] . Our method is also suitable for screening the influence of substrate size, shape, and thickness on stem cell behavior via our ability to control the XYZ dimensions. Additionally, hydrogel arrays formed using our method are compatible with commerciallyavailable micro-array add-on systems, thereby enabling attachment of wells for each individual spots to offer control over the soluble medium presented to each spot in the array ( Figure 9 ). Our hydrogel array system therefore can be used to identify and optimize substrate properties and culture conditions for stem cell culture. This capability is particularly important in stem cell engineering, as there is a need for optimization of chemically well-defined cell culture substrates for stem cell expansion, differentiation, and tissue assembly. 
